We present experimental results for early transients near the onset of convection of an ethanol-water mixture in cylindrical containers heated from below. The separation ratio of the mixture was ϷϪ0.08, and the aspect ratios ⌫ϵr/d (r is the radius and d the height of the sample cell͒ of two different containers were 10.91 and 11.53. For this system the onset of convection occurs via a subcritical Hopf bifurcation to traveling waves. Beyond the bifurcation we found transient radially traveling waves whose amplitude grew in time. We decomposed the transient patterns into azimuthal modes of the form cos m. The azimuthal symmetry of the pattern depended strongly on ⌫. For ⌫ϭ10.91 odd azimuthal modes were preferred, while for ⌫ϭ11.53 even modes dominated. We measured the spatial and temporal growth rates at various ⑀ϵ⌬T/⌬T c Ϫ1 for different azimuthal modes and compared the results for the two aspect ratios. We found the temporal growth rates to be proportional to ⑀, but the spatial growth rates were essentially independent of ⑀. Reflection coefficients deduced from the spatial growth rates agree with theory reasonably well. As convection evolved, the patterns collapsed onto one or more diameters, during which time higher-order azimuthal modes grew significantly in amplitude. ͓S1063-651X͑99͒06403-X͔
A thin, quiescent horizontal layer of fluid heated from below is unstable to the formation of macroscopic flow patterns. The instability is a result of competition between the buoyancy forces experienced by the warmer, less dense fluid near the bottom and the dissipative effects of thermal conduction and viscosity. The control parameter that measures the external stress due to the temperature difference, the Rayleigh number, is defined as
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Here ␣ϭϪ Ϫ1 ‫)‪T‬ץ/ץ(‬ P,c is the thermal expansion coefficient at constant pressure P and mass concentration ͑weight fraction͒ c, is the density, g is the acceleration due to gravity, and are the thermal diffusivity and kinematic viscosity, respectively, and ⌬T is the temperature difference between the bottom and top of the fluid layer. In an infinitely extended horizontal layer of pure fluid of thickness d, the initial instability occurs when the Rayleigh number exceeds its critical value R c ϭ1708 ͓1͔. The collective motion of the warmer rising fluid and cooler falling fluid organizes into rolls ͓2,3͔. The wavelength of the pattern at onset, the roll-pair size, is about twice the layer height. The refractiveindex variation associated with the temperature variation which is induced by the fluid flow can be detected by optical means and used to visualize the pattern ͓4͔.
In binary-fluid mixtures, such as ethanol and water, the temperature and concentration fields are coupled through the Soret effect, so that an externally applied temperature gradient drives a mass flux. This results in a vertical concentration gradient which, in the presence of gravity, can stabilize or destabilize the quiescent fluid layer. Consequently, in addition to the Rayleigh number, there is a further dimensionless control parameter, the separation ratio , defined as ϵϪ ␤ ␣ S T c͑1Ϫc ͒. ͑2͒
Here ␤ϭ Ϫ1 ‫)‪c‬ץ/ץ(‬ P,T is the solutal expansion coefficient, S T is the Soret coefficient, and c is the mean concentration.
In ethanol-water mixtures at reasonable operating temperatures, can take on moderately negative or positive values which depend on the concentration. When is positive ͑negative͒, then the concentration gradient is destabilizing ͑stabilizing͒. In addition to the Soret effect, the Dufour effect describes the heat flux generated by a concentration gradient, but it is extremely small in liquids and can be ignored. The existence of a second control parameter leads to an array of interesting states and dynamic patterns not observed in pure-fluid convection ͓5͔. In mixtures with sufficiently negative , the bifurcation from the conduction state is a subcritical Hopf bifurcation to a time-dependent state of traveling waves. A variety of nonlinear structures have been observed in narrow rectangular and annular cells, including localized pulses of traveling-wave convection that coexist with quiescent fluid over a range of the Rayleigh number ͓6,7͔, and ''dispersive chaos'' ͓8-10͔ ͑a regime characterized by persistent erratic growth and decay of convection͒.
Previous experimental work on binary-fluid convection in a two-dimensional system with cylindrical geometry revealed a complex sequence of transients ͓11,12͔. The first convection patterns seen above onset consist of radially inward-and outward-traveling rolls. When the temperature difference across the fluid layer is kept fixed, the rolls localize azimuthally into bands of nonlinear convection along one or more diameters of the cell. There the amplitude becomes very large, while it remains small elsewhere in the cell. The focused line͑s͒ of convection then collapse radially to form a localized structure of convection near the cell center, surrounded by quiescent fluid. This structure often is a longlived pulse, similar to the stable localized pulses of TW con-vection observed in one-dimensional systems ͓6,7,13͔. Subsequent evolution of the nonlinear transient depends strongly on the composition of the mixture ͓14͔.
Theoretical efforts aimed at understanding binary-fluid convection have primarily focused on use of the complex Ginzburg-Landau equation. This approach has qualitatively described the behavior of patterns with one spatial degree of freedom ͓5,15,16͔. There exists a body of experimental ͓17-19͔ and theoretical ͓20,21͔ work on the subject of small amplitude ͑linear͒ transients of convection in negative separation-ratio mixtures in narrow rectangular cells. It was shown ͓18,22͔ that at onset, the convection amplitude can be decomposed into right-and left-traveling waves ͑TW's͒. The amplitudes of both TW's grow exponentially as the waves travel across the cell and the waves are reflected with loss by the end walls. This behavior is similar to that which we observe for cylindrical containers, with the waves propagating radially inward and outward and reflecting at the cell periphery.
A linear stability analysis for convection of a binary mixture in cylindrical geometry was carried out by Mercader et al. ͓23͔ . They studied the case of insulating sidewalls, which is not the case for our experimental arrangement, but they used fluid parameters quite close to our experimental ones. They found linear eigenfunctions in the form of spirals which rotate in the direction such that the arms trail. Because of reflection symmetry about the midplane, they find that clockwise rotating right-handed spirals and counterclockwise rotating left-handed spirals are degenerate. Consequently superpositions of such spirals are equally valid eigenfunctions. Such a superposition, which the authors refer to as a standing wave ͑it is standing in the azimuthal but not in the radial direction͒, varies azimuthally as cos m. The superposition results in convection rolls which travel both radially outward and radially inward, as demonstrated by Fig. 6͑b͒ of Ref.
͓23͔. In fact, the figure reveals the existence of a nearly pure standing wave ͑in the radial sense͒ at the cell center. This results from the superposition of inward-and outwardtraveling waves of nearly equal amplitude. The figure also shows that the incoming waves are smaller in amplitude than the outgoing ones near the cell periphery, but that they grow in amplitude, relative to the outgoing ones, as they propagate inward radially. Their analysis also shows that for an aspect ratio close to our experimental ones the critical Rayleigh numbers for the onset of modes with different azimuthal mode numbers m can be nearly identical. Finally, they also find solutions in the form of wall modes in which the convection rolls propagate azimuthally, while the cell center is free or nearly free of convection. For our fluid parameters they find the critical Rayleigh number for such a wall mode to lie about 0.8% above those for the cell-filling spiral modes of low azimuthal wave number.
In this paper we present the results of a study of the effect of aspect ratio on the linear transients in a 25.0 wt % ethanolwater mixture, in cylindrical geometry, with a separation ratio ϷϪ0.08. For this purpose we used two cells, one with a radial aspect ratio ͑radius/height͒ ⌫ϭ10.91 and the other with ⌫ϭ11.53. We find that the linear transient consists of radially outward-and inward-traveling waves, and that the wave amplitude varies azimuthally as cos m. Thus we observe a pattern that corresponds to the superposition state found by Mercader et al. ͓23͔ . We find that several low-order azimuthal modes are usually present simultaneously, even quite near threshold. For ⌫ϭ10.91 these modes are predominately odd, while for ⌫ϭ11.53 even-m modes dominate. The simultaneous presence of several azimuthal modes is explained by the fact that the critical Rayleigh numbers for small m are very similar ͓23͔. For the one aspect ratio they studied, ⌫ϭ11, Mercader et al. found the mϭ1 and mϭ3 modes to have lower critical Rayleigh numbers than those of low-order even-m modes. This is consistent with our finding that even or odd modes are preferred for a given aspect ratio. We have never observed pure individual spirals, which may indicate that some selection mechanism is operable, even in the linear regime. On some occasions we have found spirallike patterns with strong azimuthal variation, such as would result from a superposition of two opposite-handed spirals of unequal amplitude. Such a pattern can be seen as the first image of Fig. 9 . Finally, we have not observed wall states, although we have not made any systematic search for them.
The remainder of this paper consists of five sections. Section II describes the apparatus, mixture preparation and properties, and various experimental details. Section III is devoted to the quantitative analysis of the convection patterns. Spatial and temporal evolution of the traveling-wave amplitude associated with each independent azimuthal mode are studied by fitting solutions of a simplified amplitude equation in cylindrical geometry ͓24͔ to the spatial and temporal profiles of the waves. Decomposition of the patterns into azimuthal modes enabled us to follow the evolution of each mode independently. Results for the two aspect-ratio cells during the linear transients are presented in Sec. IV. Section V provides a brief description of the nonlinear evolution following the initial linear transient for each aspect-ratio cell. 
II. EXPERIMENTAL METHODS AND MATERIALS
A schematic diagram of the apparatus is shown in Fig. 1 . The convection cell containing the fluid is located inside a stainless-steel can which is thermally insulated from the environment by means of a circulating temperature-controlled water bath. The convection cell itself consists of a sapphire top plate and a silver bottom plate separated by an annular Delrin spacer sealed to each plate by an O ring. The apparatus is optically accessible from above to enable shadowgraph observation of convection patterns. A typical convection apparatus of the type we used has been described in detail elsewhere ͓25-27͔.
The top plate is an optically flat single-crystal sapphire, 102 mm in diameter and 9.5 mm thick. The top surface of the sapphire is held at a fixed temperature to an accuracy of 1-2 mK by means of circulating water. The bottom plate is a 90-mm-diam silver plate 9.5 mm thick, diamond machined to a mirror finish. It has a 100⍀ resistive film heater attached to its lower surface, and two thermistors are embedded within it. The temperature of the silver plate is regulated to better than 0.1 mK stability. To minimize warping of the rather soft silver plate, the plate separation was monitored interferometrically during cell assembly.
Two annular Delrin sidewalls, both with an inner diameter of 7.90 cm and an outer diameter of 9.4 cm, were used. They had different thicknesses, dϭ0.362 cm and d ϭ0.343 cm, resulting in radial aspect ratios ⌫ϭr/d ϭ10.91 and ⌫ϭ11.53, respectively. Each sidewall had an O ring groove on its top and bottom surfaces as well as two radial fill holes. The O rings were ethylene-propylene hydroxide cured, with a cross-sectional diameter of 0.119 cm. We used six cylindrical Delrin posts, set into the sidewalls, to fix the cell height. The height uniformity of the assembled cells was within Ϯ0.04%.
We used 200 proof ethanol and de-ionized filtered water for the mixture preparation. Mixtures were degassed by the ''freeze, pump, thaw'' method. The relevant experimental and fluid parameters for each sample are shown in Table I . Each fluid is identified by its alcohol concentration c and the aspect ratio of the cell ⌫. The mean temperature given in the table was calculated as T mean ϭT bath ϩ⌬T c /2. Literature data for the thermal diffusivity , Soret coefficient S T , mass diffusivity D ͓28͔, density , and shear viscosity ͓29͔ were interpolated using polynomial fits to obtain ϭ/, the Prandtl number ϭ/, the Lewis number LϭD/, and the separation ratio . The polynomial fits to (c,T) were used to obtain the thermal and solutal expansion coefficients. The vertical thermal diffusion time v ϭd 2 / was used to scale experimental times, while lengths were scaled by the layer thickness d.
The shadowgraph apparatus was nearly identical to that described in Ref.
͓26͔, and will not be described here. We found a good compromise between sensitivity and distortion by using the charge-coupled device ͑CCD͒ camera to image a plane corresponding to viewing the shadowgraph signal about 3 m from the cell. The camera signal was digitized to an 8-bit resolution at each pixel. The static nonuniformities in light intensity over the cell were removed from the image by dividing each image of convection, pixel by pixel, by a background image taken in the conduction state. For display purposes, but not during analysis, divided images were rescaled so that the largest value was set to 255 ͑white on the 8-bit gray-scale used in display͒, and the smallest value was set to 0 ͑black͒. The convective threshold was crossed quasistatically, by making small steps in ⌬T and waiting for 3 h between steps. The experimental threshold ⑀ϵ⌬T/⌬T c Ϫ1ϭ0 was defined to be halfway between the last point in the conduction regime and the first point at which convection was seen. Our step size in ⌬T corresponded to ⌬⑀Ӎ0.0015. In order to study linear transients for ⑀Ͻ0, we allowed convection to grow at a supercritical ⑀, and then suddenly reduced the temperature difference to achieve a negative ⑀.
III. DATA ANALYSIS
At the onset of convection the azimuthal symmetry of the observed pattern was broken in a way that depended strongly on the aspect ratio of the cell. In all cases the rolls filled the cell and traveled radially, consistent with the circular geometry of the container, but the amplitude of convection varied in a way that was consistent with a superposition of modes having azimuthal variation of the form cos m. Here m ϭ0,1,2, . . . , is a small integer. The dominant mode͑s͒ depended sensitively on the aspect ratio. For ⌫ϭ10.91, for example, the dominant azimuthal modes were odd. Typical patterns seen at this aspect ratio were a superposition of m ϭ1 ͓Fig. 2͑a͔͒ and mϭ3 ͓Fig. 2͑b͔͒ azimuthal modes. Modes with even m were suppressed in this geometry. The dashed circle drawn for reference in the image in Fig. 2͑a͒ is concentric with the cell. The circle crosses the line of nodes, which is indicated by a dashed line. At the line of nodes the dark concentric part of each convection roll, corresponding to upflowing fluid, becomes light, indicating a region of downflowing fluid. If the aspect ratio is changed by a small amount Ϸ1/2, azimuthal modes of even symmetry are favored at onset. Figures 2͑c͒ and 2͑d͒ illustrate patterns consisting primarily of a mixture of the mϭ0 and other even azimuthal modes seen in the ⌫ϭ11.53 cell. Odd modes were also present for this aspect ratio, but they were generally weaker. The presence of a number of azimuthal modes at the same time is indicative that the critical Rayleigh number is 
͑3͒
where ␦ m is an offset, A m ϩ and A m Ϫ are slowly varying amplitudes which refer to waves traveling radially outward and inward, respectively, and q c and c are the critical wave vector and angular frequency at onset, respectively. The ͱr factor is included explicitly to eliminate the natural asymptotic large-r dependence of waves in a cylindrical geometry, leaving only a slow variation to be captured by the amplitudes A m Ϯ (r,t).
The amplitudes A ϩ and A Ϫ are assumed to satisfy linearized amplitude equations, as they do for pure-fluid convection in cylindrical geometry ͓30,31͔,
where 0 sets the time scale for pattern growth or decay, and s 0 is the group velocity of traveling waves at onset. No diffusion term is included in Eqs. ͑4͒ because it was shown to be unnecessary for capturing much of the observed behavior of linear traveling waves in one-dimensional cells ͓20,21͔. The various parameters entering the model equations may be obtained to a good approximation by linear stability analysis of the laterally infinite system ͓32͔ and are summarized in Table II may be complex to accommodate phase shifts, and q m and ⍀ m are small deviations from q c and c , respectively. The reader should note that we are using the term ''spatial growth rate'' for the inverse length scale m , which characterizes the envelope of the linear-wave amplitude in the cell. It should not be confused with the ⑀-dependent ''spatial growth rate'' ⑀/s 0 0 that characterizes the growth in amplitude of a linear pulse of convection as it travels. In order that the ansatz represented by Eqs. ͑5͒ satisfy Eqs. ͑4͒, the relationship 0 ϩ 0 s 0 ϭ⑀ must hold. Onset will be observed experimentally when the temporal growth rate becomes positive. For finite aspect-ratio cells this occurs for a positive value of ⑀ given by Azimuthal modes at the onset of convection in two cells with slightly different aspect ratio. ͑a͒ and ͑b͒ are for ⌫ϭ10.91, and ͑c͒ and ͑d͒ are for ⌫ϭ11.53. The dominant azimuthal modes in ͑a͒ and ͑b͒ are the odd modes mϭ1 and mϭ3. In ͑c͒ and ͑d͒ even modes are dominant: image ͑c͒ is a mixture of mϭ0 and mϭ4, while in ͑d͒ mϭ2 dominates. In ͑a͒ the dashed circle, concentric with the cell wall, is drawn to bring out the phase change associated with the mϭ1 mode. The line of nodes is indicated by the dashed line.
Thus there is an onset shift which is linear in ⌫ Ϫ1 , as was found previously for the one-dimensional case ͓33,34͔. For the one-dimensional system, this onset shift has been measured experimentally ͓35͔ and used to determine values for the reflection coefficient ␥.
The striking resemblance of Eqs. ͑5͒ to the right-and left-traveling wave solutions of the linearized amplitude equation in one dimension ͓18-21͔ reveals the motivation for the model. In cylindrical geometry, the inward-traveling wave at becomes the outward-traveling wave at ϩ, as the wave moves through the cell center. This process may also involve a phase shift which we denote by c , and assume to be m independent. This implies
The waves are reflected by the wall at rϭ⌫, and the outward-traveling wave becomes the inward-traveling one. We denote the complex reflection coefficient by ␥e i r and assume it also to be m independent. This results in the relationship where n is an integer. Equation ͑9͒ indicates that, to within the accuracy of the model, the spatial growth rate m should be m independent. It is also clear that, in the linear state, is determined by the modulus of the reflection coefficient ␥ and the aspect ratio ⌫, and it should be independent of ⑀ .
Because onset will actually occur first for the mode͑s͒ nearest the critical wave vector, i.e., with q m as small as allowed by Eq. ͑10͒, it is clear that, as ⌫ is varied, even-and odd-m modes will be favored alternately at onset. The change in ⌫ necessary to go from favoring even to favoring odd m, or vice versa, is just ⌬⌫ϭ/2(q c ϩq m )Ӎ1/2, because q c Ӎ, and q m Ӷq c . Such behavior has been observed previously ͓36͔ in rectangular cells, and is well described by pairs of amplitude equations ͓33͔.
It is necessary to decompose the convection patterns into their azimuthal modes, in order to determine the temporal and spatial growth rates m and m for each mode. Figure 3 illustrates this process. The original image shown as Fig. 3͑a͒ was sine and cosine transformed azimuthally with mϭ1, 3 and 5 in this case. This served to determine the offsets ␦ m .
The data were then multiplied pixel by pixel by cos(ϩ␦ m ) and averaged azimuthally. For example, Fig. 3͑b͒ shows the data of ͔. This function is the sum of the outgoing and incoming wave amplitudes corresponding to the selected m at a given instant in time tϭt 0 ͓see Eq. ͑3͔͒. It is shown in Fig. 3͑c͒ for mϭ1, 3, and 5. Clearly the pattern shown in Fig. 3͑a͒ is dominated by the mϭ1 mode, and has only weak radial dependence remaining after allowing for ⌿ϰ1/ͱr. The weak radial dependence is consistent with the assumptions of the model. We used Fourier demodulation to separate the radial function into outgoing and incoming waves. A time series of 256 successive determinations of A m (r,t) separated in time by a fraction of the vertical thermal diffusion time v was measured. Such a series is best displayed as a gray-scaled spacetime plot such as is shown in Fig. 4͑a͒ for data taken in the ⌫ϭ10.91 cell. Each horizontal line is a gray-scaled version of the measured A m (r,t) at a particular time, with successive measurements displaced upward along the time axis. In this case, the total time interval involved was 18.81 v . This representation reveals the presence of both outgoing and incoming waves. The waves are quite similar in amplitude near r ϭ0, giving rise to a deeply modulated standing wave. Near the outer boundary at rϭ⌫, the incoming wave is clearly much weaker than the outgoing one, as would be expected for a weakly reflecting boundary. The reader should note that the left half of Fig. 4͑a͒ is the reflection of the right half about rϭ0, and contains no additional information. We retain both halves to emphasize the similarity to convection in a one-dimensional container extending from Ϫ⌫ to ϩ⌫. It does mean, however, that the ''right''-traveling waves are outgoing in the right half of the space-time plot and incom- ing in the left half. The waves were separated into ''right'' and ''left'' TW's by Fourier transforming a space-time plot such as that of Fig. 4͑a͒ , using a filter which preserved only a single peak, and then inverting the transform. In order to implement the filter, the signal at each point (r,) of Fourier space was multiplied by a function of the form ͓1ϩtanh͑ rϪr 1 ͒/w r ͔͓1ϩtanh͑ r 2 Ϫr ͒/w r ͔ ϫ͓1ϩtanh͑Ϫ 1 ͒/w ͔͓1ϩtanh͑ 2 Ϫ ͒/w ͔.
The parameters r 1 and r 2 set the radial, and 1 and 2 the azimuthal, bounds of the filter. The parameters w r and w fix the sharpness of the cutoff in the radial and azimuthal directions, respectively. The results of this procedure are illustrated in Figs. 4͑b͒ and 4͑c͒ . Figure 4͑b͒ is a gray-scaled representation of the modulus of the Fourier transform of Fig. 4͑a͒ . Image 4͑c͒ shows, also in gray scale, the real part of the inverse transform, with the filter centered on the peak circled in Fig. 4͑b͒ . The resulting time series of the ''right'' TW's show the steady growth in amplitude beginning after reflection at the left side of image 4͑c͒, and continuing as the waves pass through the cell center. Figure 4͑c͒ also reveals a significant phase shift as the waves cross rϭ0.
A signal proportional to the envelope of the right TW's is obtained as the modulus of the inverse transform which is shown in Fig. 4͑d͒ . The signal amplitude has been artificially forced to zero at rϭ0, by the ͱr factor, resulting in the vertical black stripe in the center of Fig. 4͑d͒ and the lowamplitude regions visible in the centers of Figs. 4͑a͒ and 4͑c͒. A horizontal cut through image 4͑d͒ gives the spatial dependence of the TW envelope at a fixed time. The lefthand half corresponds to radially incoming waves and the right-hand half to outgoing waves. A vertical cut at a fixed position reveals the temporal behavior of the right TW's.
Thus a vertical cut on the left half shows the growth or decay of incoming waves with time and on the right half that of outgoing waves. Figure 5 shows examples of the same type of analysis for the mϭ3 mode as that presented in Fig. 4 for the mϭ1 mode. The most obvious difference is the larger region of small amplitude near rϭ0. The width of this region increased with m, as might be expected for waves having a nonzero correlation length in the direction parallel to the rolls. Again a significant phase shift is visible in Fig. 5͑c͒ as the waves cross the center.
For each run, several series of 256 images, each series covering a period of about 20 v , were collected. Such measurements were begun about 20 v after the last change in ⑀. Time scans at two fixed locations and spatial scans at two fixed times were extracted from the time series data for each cell. For the ⌫ϭ10.91 cell, the time scans were extracted at r 0 ϭϮ6.5d. The spatial scans for this cell were extracted starting at times t 1 ϭ2 v and t 2 ϭ14 v , as measured from the beginning of each time series. The spatial scans were averaged over a period ⌬tϭ3 v . For the ⌫ϭ11.53 cell, the time scans were extracted at r 0 ϭϮ6.8d. The spatial scans were extracted starting at times t 1 ϭ3 v and t 2 ϭ17 v , and they were averaged over a time ⌬tϭ3 v . The temporal averaging of the data for the spatial scans was done to reduce the effects of small scratches in the bottom plate. Figure 6 shows examples of such scans both in time, Fig. 6͑a͒ , and in space Fig. 6͑b͒ , for the mϭ1 mode in the ⌫ ϭ10.91 cell. These scans were extracted from the time series shown in Fig. 4͑d͒ . In this run convection was allowed to grow for Ϸ84 at ⑀ϭ2.3ϫ10
Ϫ3 , after which time the control parameter was reduced to ⑀ϭϪ1.53ϫ10
Ϫ3 . Even at this negative ⑀, the strong convection pattern evident in Fig. 3   FIG. 4 . Time-series analysis of the mϭ1 mode. ͑a͒ Gray-scaled image of a time series of 256 radial functions A 1 (r,t i ), for the m ϭ1 mode in the ⌫ϭ10.91 cell for the same conditions as Fig. 3 . ͑b͒ Central region of the Fourier-transform plane, enlarged by a factor of 2, showing the modulus of the transform. Performing the inverse Fourier transform after multiplication by a filter function centered on the circled peak, which corresponds to right TW's, leads to the time series for the right TW's shown in ͑c͒ and to their envelope shown in ͑d͒.
FIG. 5.
Time-series analysis of the mϭ3 mode. ͑a͒ Gray-scaled image of a time series of 256 radial functions A 3 (r,t i ), for the m ϭ3 mode in the ⌫ϭ10.91 cell for the same conditions as Fig. 3 . ͑b͒ Central region of the Fourier-transform plane, enlarged by a factor of two, showing the modulus of the transform. Performing the inverse Fourier transform after multiplication by a filter function centered on the circled peak, which corresponds to right TW's, leads to the time series for the right TW's shown in ͑c͒ and to their envelope shown in ͑d͒. Note the relatively larger region of low amplitude near rϭ0 as compared to Fig. 4. continued to grow, and the pattern eventually became nonlinear before dying out some time later. Data from this run were not used for the purposes of measuring linear growth rates, but the strong convection patterns are useful to illustrate the method of analysis.
The lines marked in ͑out͒ in Fig. 6͑a͒ refer to ingoing ͑outgoing͒ waves. For the spatial scan shown in Fig. 6͑b͒ it is obvious that there are regions both near the cell center and at the wall where the amplitude decays rather abruptly. The decay near rϭ0 is the result of multiplication by ͱr together with the effects of filtering described above; the actual wave amplitude is large near the cell center. Data from these regions are indicated by dots and were excluded from the fits discussed below.
To obtain the temporal growth rate m of mode m, we fit the time scan by a single exponential of the form c ϩD m exp( m t), with D m and m adjustable. The small constant offset term c was fixed at 0.010, the value obtained from a time series of images without convection. This background comes from various sources: camera noise, light scattered from scratches in the bottom plate, and nonuniformities in the cooling bath flow. In fitting the data, the time t was taken as the time from the last change in ⑀, and thus D m represents the amplitude at the time of that change. We fit only the central 192 of the 256 points to reduce the edge artifacts associated with the Fourier transform and demodulation of a finite image. Temporal growth rates of both the outgoing and the incoming waves were measured and were identical to within our accuracy, as would be expected. The solid lines in Fig. 6 are the exponential fits to the data.
Spatial scans were also fit by an exponential c ϩF m exp( m r) with the same constant background offset. F m and m were adjusted to give the spatial growth rates m of the modes. The spatial profiles are fit reasonably well by single exponentials, provided data near the walls and in the vicinity of the cell center are excluded from the fit. The solid line in Fig. 6͑b͒ is the result of a single-exponential fit to the portion of the data shown as open circles. The spatial growth rates m , especially those for weaker modes, were harder to measure and showed more variability than did the temporal growth rates m .
The spatial profiles of the TW envelopes of all azimuthal modes display the same characteristics independent of ⑀. They all have a roughly exponential shape over most of the cell, excluding regions close to the center of the cell and a small distance from the side walls. In these healing regions, the amplitude of the rolls decreases rapidly. The healing length is approximately one roll pair ͑one wavelength͒ in extent. This is consistent with studies of traveling waves in narrow rectangular cells ͓22͔. These features -exponential growth, the shape and length of healing regions -are generally insensitive to the details of Fourier demodulation, in particular to the size and sharpness of the region of Fourier space that is retained by the filter for demodulation.
IV. RESULTS AND DISCUSSION
We used the procedure described above to measure the temporal and spatial growth rates of different azimuthal modes as a function of ⑀ in the two different aspect ratio cells. Temporal and spatial growth rates of the strongest modes in the ⌫ϭ10.91 cell are plotted versus ⑀ in Fig. 7 . The amplitude of the linear TW grows in time at a rate proportional to the distance from threshold, ϭ⑀/ 0 . The spatial growth rates, on the other hand, show little dependence on ⑀. This is consistent with the model. The various straight lines represent fits of the form yϭaϩb⑀ to the data. For example, the temporal growth rate of the mϭ1 mode gives FIG. 6 . Analysis of the temporal and spatial growth of the m ϭ1 mode. ͑a͒ Two scans at fixed radial positions rϭϮ6.5d, showing the temporal evolution of the incoming and outgoing TW's in the ⌫ϭ10.91 cell. ͑b͒ Line scan ͑averaged over a period 2 v ) showing the spatial profile of the right TW's from Fig. 4͑d͒ at a fixed time. The solid lines represent single-exponential fits to the data. In ͑b͒ only the points away from the cell center and side walls ͑represented by circles͒ are fitted.
FIG. 7. Spatial () and temporal () growth rates as a function of ⑀ for the mϭ1 and mϭ3 modes in the ⌫ϭ10.91 cell. The straight lines are fits to the data. The dashed line is a single fit to the combined spatial growth-rate data for 1 and 3 , and the solid and dotted lines are the fits to the temporal growth rates, 1 and 3 , respectively. a 1 ϭ0.0095Ϯ0.0009, and b 1 ϭ10.3Ϯ0.45. These coefficients, and similar results for mϭ3, are collected in Table  III . The fits pass through zero at ⑀ϭϪa/bϭϪ(9Ϯ1) ϫ10 Ϫ4 for the mϭ1 mode and Ϫ(5Ϯ2)ϫ10 Ϫ4 for the m ϭ3 mode. Thus, to within the uncertainty of Ϯ0.0008 associated with the experimental threshold determination, the temporal growth rates vanish at the point where ⑀ϭ0. The time scale for this mixture is 0 ϭ0.103; therefore, the slope of the temporal growth rates, the inverse of 0 , is expected to be 9.71. This agrees reasonably well with the experimental results of 10.3Ϯ0.5 and 10.6Ϯ0.7. Fits to the spatial growth rates of the mϭ1 and 3 modes are also given in Table III . They provide no evidence of an ⑀ dependence.
Growth rates of different azimuthal modes in the ⌫ ϭ11.53 aspect-ratio cell, at different values of ⑀, are shown in Fig. 8 . Again the temporal growth rates are linearly dependent on ⑀, and the spatial growth rates are independent of ⑀. The coefficients derived from linear fits for mϭ0, 2, and 4 are also given in Table III . Temporal growth rates vanish at ⑀ϭϪa/bϭϪ(3Ϯ1)ϫ10
Ϫ4 and Ϫ(4Ϯ2)ϫ10 Ϫ4 for the strongest modes. Again this is within the Ϯ0.0008 experimental resolution of the convection threshold. The coefficients derived from fits to the spatial growth rates can be found in Table III as well. These results are also consistent with m being independent of ⑀. Moreover, all the fits collectively suggest that the temporal growth rates of all azimuthal modes in the two geometries evolve in the same manner with respect to ⑀.
Because the gain in amplitude corresponding to passage across the cell is balanced by reflection loss, the modulus of the reflection coefficient, ␥ m , is related to the spatial growth rate m and aspect ratio: ␥ m ϭexp͓Ϫ2 m ⌫͔. Thus, we may use our results for the spatial growth rates of various modes in the two different geometries to obtain values for ␥ m . The results are also collected in Table III . The average values for ⌫ϭ10.91 (⌫ϭ11.53) are ␥ϭ0.175 (␥ϭ0.151), with no clear dependence on m. Physically, the value of the reflection coefficient depends on the ratio of thermal properties of the fluid and the walls, as well as on the lateral distance by which the walls extend beyond the fluid ͓33͔. Analytic ͓33͔ and numerical ͓37͔ investigations of the dependence of the reflection coefficient predicted that for small enough separation ratios, ␥ϰͱ͉͉. However, experiments that used the onset shift to determine the reflection coefficient in narrow rectangular samples ͓35͔ found that over a wide range of negative ,␥ was constant and approximately 0.33. This value is about 50% higher than the theoretical ͓33,37,35͔ value of 0.23 appropriate to the conditions of those experiments. For our experiments the ratio of the sidewall thermal conductivity to that of the fluid was 0.5. The ratio of the sidewall thermal diffusivity to that of the fluid was 1.1, and our sidewalls extended 3.9 thermal penetration lengths beyond the fluid. Consequently our experimental conditions are very close to those of curve ͑c͒ Fig. 2͑a͒ of Ref. ͓37͔, which gives a theoretical reflectivity of 0.17 for ϭϪ0.08. Our results for ␥ are in the range 0.14-0.18, and thus agree rather well with the theoretical prediction. The most obvious difference between our experiment and previous reflectivity measurements ͓35,38͔ is the presence of sidewalls in the rectangular geometry, which are absent in the circular geometry.
V. NONLINEAR TRANSIENTS
As the amplitude of convection grew, the linear state always gave way to a nonlinear one. During this evolution, higher m azimuthal modes became detectable, and their amplitudes increased faster than did the amplitudes of the lower m modes. Simultaneously, convection became localized along one or more diameters of the cell. This focusing process is illustrated by the sequence of images in Fig. 9 taken at ⑀ϭϪ1.0ϫ10 taken during the linear transient, when mϭ1 was the dominant mode of the pattern. Shortly after this image was taken, the control parameter was reduced to a value below threshold, ⑀ϭϪ1.0ϫ10 Ϫ3 . At this negative value of ⑀ the evolution of nonlinear transients proceeded in a manner very similar to their behavior at positive ⑀. Azimuthal focusing had became quite pronounced by around tϭ120 v , by which time the convection amplitude was localized in a broad double stripe along the diameter of the cell. With time, this stripe continued to narrow, eventually forming a single band of convection slightly before tϭ150 v . This band of convection began to shrink away from the wall, thereby forming a long pulse. Depending on ⑀, this second stage of collapse resulted in a radially localized pulse of convection, very similar to the ones studied in one-dimensional cells ͓7,6͔, or a localized but disordered region of convection, which, in 25% mixtures, grew to fill the cell with a steady state of stationary overturning convection ͓12,14͔. During the process of forming a localized pulse the TW frequency, measured near the cell center, gradually decreased to about 2/3 of the linear ͑Hopf͒ frequency.
The time evolution of the outgoing wave amplitude of the three strongest azimuthal modes is shown in Fig. 10 . These amplitudes were computed from time series of images using the techniques described previously. The scans for 50 v Ͻt Ͻ70 v show the evolution of the linear transients at ⑀ϭ2.8 ϫ10 Ϫ3 . During this time the pattern is dominated by the m ϭ1 mode, although all three modes have nearly equal temporal growth rates. After ⑀ was decreased to a negative value, at time 75 v , all of the modes continued to grow, with the mϭ5 mode doing so quite dramatically. Figure 11 shows another example of the evolution of the nonlinear transient in the ⌫ϭ10.91 cell. This run, conducted at ⑀ϭ3.8ϫ10 Ϫ3 , illustrates the infrequent case in which the mϭ3 mode was dominant in the linear regime. Convection localized azimuthally along the three diameters of the cell corresponding to the angular locations where the mϭ3 mode was strongest. After some time, convection along all three FIG. 9 . Evolution of nonlinear transients in the ⌫ϭ10.91 cell showing aximuthal focusing. The images are labeled by the elapsed time since the onset of convection, in units of v . Linear transients were initially allowed to evolve at ⑀ϭ2.8ϫ10
Ϫ3 . Shortly after the first image in the figure was taken, the control parameter was reduced to ⑀ϭϪ1.0ϫ10
Ϫ3 . Subsequent images were taken at this value of ⑀. Ϫ3 , with all modes having comparable temporal growth rates, although differing considerably in amplitude. The control parameter was reduced to ⑀ϭϪ1.0ϫ10
Ϫ3 around 75 v . Note the remarkable increase in the amplitudes of the mϭ3 and mϭ5 modes, following the reduction in ⑀. This growth corresponds to the azimuthal focusing process shown in Fig. 9.   FIG. 11 . Nonlinear-transient evolution in the ⌫ϭ10.91 cell at ⑀ϭ3.8ϫ10
Ϫ3 . Images are indexed by time since the onset of convection, in units of v . The mϭ3 mode evolves into a nonlinear convection state involving three bands of convection localized along cell diameters, and this pattern subsequently collapses radially to form a disorganized ''blob'' of convection. diameters collapsed away from the wall, leading to a localized but disorganized ''blob'' of convection near the center of the cell. During this process the traveling-wave frequency fell to about 1/3 of the Hopf frequency. The traveling-wave frequency dropped to zero a few hours later, when the cell filled with stationary convection rolls. Similar experiments using a mixture with nearly the same separation ratio, but different alcohol concentrations revealed similar behavior in the linear regime, but rather different nonlinear evolution ͓14͔. Figure 12 shows the amplitude of the outgoing traveling waves for the four strongest azimuthal modes. For times before 80 v , that is, during the linear regime, the pattern is dominated by the mϭ3 mode, although the three strongest modes have comparable growth rates. Focusing starts around 90 v . After this time, the amplitudes and the growth rates of all modes increase, but those of the two highest modes, m ϭ5 and mϭ7, increase more rapidly. For the period 60 v -80 v the growth rates are 1 ϭ0.0328, 3 ϭ0.0467, 5 ϭ0.0446, and 7 ϭ0.0180, while for the time period 90 v -110 v the growth rates are 1 ϭ0.0400, 3 ϭ0.0527, 5 ϭ0.0715, and 7 ϭ0.0917. The tendency of the higher azimuthal modes to grow at much faster rates than the lower ones seems to be a generic feature of the nonlinear regime.
VI. CONCLUSION
A decomposition method for describing TW transients in binary fluid convection in cylindrical geometry has been presented and used to study transients in two different aspectratio cells. The symmetries of the patterns are found to depend sensitively on aspect ratio. For ⌫ϭ10.91, odd-m azimuthal modes of the form cos m were selected at the onset of convection while the even modes were very weak. For ⌫ϭ11.53, on the other hand, even-m modes, including mϭ0, were dominant, and the odd-m modes were suppressed. The analysis gives results for the spatial and temporal behavior of the slowly varying envelopes of the ingoing and outgoing waves associated with each azimuthal mode. We found that the temporal growth rates of the strongest modes in both aspect ratio cells vanished at the experimental onset of convection, and varied linearly with ⑀. The spatial growth rates of all modes, on the other hand, were found to be independent of ⑀. The time evolution of individual azimuthal modes was followed well into the nonlinear regime. All modes exhibited comparable temporal growth rates, although differing in amplitude, during the linear transient regime. During the nonlinear period higher m azimuthal modes grew faster, becoming comparable in amplitude to lower m modes. This corresponded to azimuthal focusing of rolls onto bands of convection lying along one or more diameters of the cell, a characteristic feature of the nonlinear regime.
